Objective To evaluate cardiac autonomic function in adults born preterm. Study design We studied the association between prematurity and cardiac autonomic function using heart rate variability measurements in 600 adults (mean age of 23.3 years) from a geographically based cohort in Northern Finland. There were 117 young adults born early preterm (<34 weeks), 207 born late preterm (34-36 weeks), and 276 born at term ($37 weeks, controls). Autonomic function was analyzed by calculating time and frequency domain heart rate variability measurements using linear regression.
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adulthood. [19] [20] [21] Research also indicated that adults who had an extremely low birth weight may experience premature decline in parasympathetic functioning during their 20s and 30s. 19 The findings of the aforementioned studies apply only to the smallest and most immature of infants. However, the majority of preterm births are moderate (32-33 weeks) or late (34-36 weeks) . Although many risk factors for cardiometabolic disease found in very preterm infants are also found in moderate and late preterm infants, whether these include altered cardiac autonomic function is not known. 4, 10 We hypothesized that preterm birth, throughout its entire range, is associated with decreased cardiac vagal control in young adults. We also hypothesized that higher blood pressure in adults born preterm may be linked to altered autonomic control.
Methods
The participants were part of the Preterm Birth and EarlyLife Programming of Adult Health and Disease (ESTER) study, a geographically based study in Northern Finland in which preterm adults and randomly selected control participants were recruited through the Northern Finland Birth Cohort 1986 (born [1985] [1986] or Finnish Medical Birth Register (born 1987-1989 ). 4, 10 The selection and inclusion criteria of the study population are presented in Figure 1 . All the study participants were offered a HR monitor. After exclusions (Figure 1 ), 117 early preterm adults (<34 weeks), 207 late preterm adults (34-36 full weeks), 3 and 276 full term control adults with available and sufficient HR data were included in the analysis.
Perinatal Data
Perinatal data on the participants recruited though the Northern Finland Birth Cohort 1986 have been reported previously. 22 Corresponding data on the subjects recruited through the Finnish Medical Birth Register were collected from the patients' records at birth hospitals and maternal welfare clinics. 23, 24 Diagnoses of maternal gestational diabetes mellitus and gestational hypertension were confirmed according to the prevailing criteria at the time or by reviewing original hospital records. [22] [23] [24] Small for gestational age was defined as a birth weight below -2 SDs of the mean according to sex and length of gestation. 23, 24 Very low birth weight (VLBW) was defined as a birth weight <1500 g.
Measurements
The subjects participated in clinical examinations at a mean age of 23.3 years (range 19.9-25.8 years). 4 During the clinical examination, R-R intervals were recorded (RS800CX and WearLink WIND transmitter, Polar Electro Oy, Kempele, Finland) at a spontaneous breathing frequency in a seated position at the beginning of the examination day during a 10 to 15-minute interview conducted by a study nurse.
To quantify cardiac autonomic function, the following measurements were obtained. In the time domain, the geometric mean HR and root mean square of successive differences (rMSSDs) were calculated. In the frequency domain, using a fast Fourier transform algorithm, low frequency (LF) power (LFP) (0.04-0.15 Hz), high frequency (HF) power (HFP) (0.15-0.40 Hz), and the ratio between LF and HF (LF/HF ratio) were determined.
Both rMSSD and HFP are considered metrics of cardiac vagal (parasympathetic) activity. 25 Variation in the HF band quantifies the amplitude of variation in the spontaneous respiratory frequency (0.20-0.25 Hz) of humans. 26 LFP includes some sympathetic-and baroreflex-mediated effects, in addition to cardiac vagal activity. 25, 27 The LF/HF ratio is considered a marker of sympathovagal balance, although there is some controversy as to its interpretation. 28 We have included it to allow comparison with previous literature.
Analysis of HRV
In the analysis of HRV, 3-5 minutes of data were selected during a calm seated rest period at the beginning of the clinical examination. The most stationary 3-to 5-minute R-R interval data period with the lowest mean HR was selected based on a visual inspection. For 35, 44 , and 521 participants, there were 3-4, 4-5, and at least 5 minutes of adequate stationary Volume 208 May 2019 data selected for the analysis. Previous studies suggested that 2 minutes or more of HR data was adequate for spectral analysis and that as little as 1 minute of rMSSD data was adequate. 25, 29 R-R interval data were visually inspected for artifacts and ectopic beats and replaced with the local average. Sequences with more than 10 consecutive beats of ectopic beats or noise were deleted. R-R series with at least 3 minutes and a minimum of 90% of accepted R-R intervals were included in the analysis. The geometric mean HR, rMSSD, and frequency domain measurements of HRV by fast Fourier transform, LFP (0.04-0.15 Hz), HFP (0.15-0.40 Hz), and LF/HF ratio were then calculated using an in-house script (Hearts 1.2 software, University of Oulu, Oulu, Finland). The measurements had a skewed distribution and, thus, were transformed into a natural logarithm (ln) prior to analysis but were transformed back and reported in untransformed form in Table I and II, Table III and IV(available at www.jpeds.com). were used to analyze differences in continuous and categorical variables. Because there was no statistically significant sex interaction in the regression analyses, we present the main results pooled for both sexes. However, as previous studies on the association between birth weight and autonomic control have shown sex differences, 30 we also present the results separated by sex. Regression model 1 included age, sex, cohort of recruitment, and season of clinical examination as covariates. Season was included as covariate due to strong seasonality of physical activity and other lifestyle factors in Northern Finland. Model 2 described the controlled total effect of preterm birth (the effect not explained by confounders) on autonomic cardiac control in adulthood. In addition to model 1 covariates, model 2 included educational attainment of the higher educated parent (indicating socioeconomic status), birth weight SD scores, gestational diabetes mellitus, gestational hypertension, maternal preeclampsia, and maternal smoking as covariates. Model 3 reflected the direct effect of preterm birth (the effect not mediated through current characteristics) on autonomic cardiac control. It included, in addition to model 2 covariates, smoking habits, body mass index (BMI), height, and physical activity. As reported in earlier research, adults born preterm have a higher BMI, 4 are less fit 31 and engage less in leisure time physical activities. 32 Therefore, BMI and physical activity were included as covariates.
Statistical Analyses
Results
Perinatal, neonatal, sociodemographic, and clinical characteristics of the study groups are presented in Table I . Those born preterm had a lower birth weight SD score than controls. They were also more likely to be the result of multiple pregnancies, exposed to maternal preeclampsia more often, and had higher office blood pressure than full term controls. In terms of sociodemographic and clinical characteristics, the late preterm group had a higher BMI (P = .05), and the early preterm group had lower selfreported physical activity (P = .08), although neither difference reached statistical significance in this sample. In the late preterm group, mean LFP was lower (P = .01), and there were more daily smokers (P = .01) than in the control group. Otherwise, the sociodemographic and clinical background characteristics of the study groups were similar.
Nonparticipant Analysis
A detailed nonparticipant analysis of ESTER study participants has been published. 4 We now report on the comparison of participants who were excluded based on inadequate HRV data quality to the participants included in this report. In this study, there were 12.7% subjects excluded because of inadequate HRV data quality from the analysis in the early preterm group, 14.5% in the late preterm group, and 19.3% in the control group (c 2 , P = .13). When comparing the background characteristics of the excluded with those included in analysis, among the early preterm group, the excluded infants had more mothers with gestational diabetes (11.7% vs 1.7%, P = .02). Among the late preterm group, those excluded were younger (mean age 22.6 vs 23.3 years, P = .001), were less often part of the Northern Finland Birth Cohort (25.7% vs 47.8%, P = .01), and their mothers had more gestational diabetes (14.3% vs 2.9%, P = .003) when compared with the nonexcluded. In the control population, the excluded participants were older (23.8 vs 23.5 years, P = .03), had lower birth weight SD scores (À0.24 vs 0.04, P = .04), and higher diastolic blood pressures (77.5 vs 75.0, P = .03). For other characteristics presented in Table I , there were no differences between the excluded and included participants within any group.
Group Differences in Autonomic Function
Geometric means and SDs in HRV measurements for the adults born early preterm, late preterm, and term (controls) are presented in Table I . We first compared these outcomes between the preterm groups and controls, adjusting for age, sex, cohort of recruitment, and season of clinical examination (Table II , model 1 and Figure 2 ; available at www.jpeds.com). The mean HR was slightly higher in the early preterm group, although these results were not statistically significant. Mean rMSSD, an indicator of cardiac vagal activity, was lower for those born early preterm and among all preterm young adults when compared with full term control participants. Furthermore, LFP, an additional indicator of cardiac vagal activity that also reflects sympathetic-and baroreflex-mediated effects, was lower for those born late preterm and among all preterm participants. The mean HFP, a measurement of cardiac vagal modulation in respiratory frequency, was also lower in all preterm groups, although the results were not statistically significant in any group ( Table II) . The LF/HF ratio, a measurement of sympathovagal balance, did not differ between the groups.
Adjustment for Parental, Prenatal, Sociodemographic, and Clinical Characteristics
When the regression analyses were further adjusted for birth weight SD score, gestational diabetes mellitus, gestational hypertension, maternal preeclampsia, parental education, and parental smoking in model 2, the results showed little change (Table II) . When adjusted further for daily smoking, BMI, height, and physical activity in model 3, the results were no longer statistically significant (Table II) . When the models were adjusted for sociodemographic and clinical characteristics, BMI and physical activity appeared to be the most important factors affecting between group differences in HRV measurements. For BMI, only statistical trends were noted, and each 1 kg/m 2 higher BMI predicted 1.0% lower rMSSD (95% CI -0.1%, 2.1%, P = .09), 0.9% lower LFP (-2.4%, 6.0%, P = .2), and 2.1% lower HFP (-0.1%, 4.3%, P = .06). Each metabolic equivalent hour/ week more physical activity was associated with 0.5% higher rMSSD (0.2%, 0.8%, P = .003), 0.6% higher LFP (0.1%, 1.0%, P = .01), and 0.9% higher HFP (0.3%, 1.6%, P = .006). To indicate additional proportion of variance explained by adding a variable in the full model, we calculated R 2 change explained by the addition of BMI and physical activity, expressed in percentage points. Adding BMI in the model resulted in an R 2 change of 0.4% for HR, 0.5% for rMSSD, 0.2% for LFP, 0.6% for HFP, and 0.5% for LF/HF. For physical activity, corresponding numbers were 1.1%, 1.5%, 1.1%, 1.3%, and 0.5%. When adjusted for body fat percent instead of BMI in model 3, the results were similar (not shown).
Associations between Autonomic Measurements and Blood Pressure
Similar to the previously reported results in the ESTER study, 4,10 the current early preterm group had higher mean systolic and diastolic blood pressure when adjusted for sex, age, cohort of recruitment, and season of clinical examination ( Table V) . The late preterm group had higher mean systolic and diastolic blood pressure when adjusted for sex, age, cohort of recruitment, and season of clinical examination ( Table V) . Correlations between HRV measurements and blood pressure are shown in (Table VI; available at www.jpeds.com). When the difference in blood pressure between the preterm and term groups was further adjusted for rMSSD, HFP, and LFP, the differences attenuated slightly but remained statistically significant ( Table V) . An exception was in the difference in diastolic blood pressure in the late preterm group, which was 1.3 mm Hg (95% CI -0.2 to 2.7) higher when adjusted for sex, age, cohort of recruitment, season of clinical examination, and LFP. Table III presents the results separately for women and men. The group differences in HRV measurements were nominally greater in men than women, especially for LFP, although no statistically significant sex interaction was found.
Sex Differences and VLBW
To allow comparison with previous literature, we present mean differences in HRV measurements for VLBW adults compared with controls (Table IV) . No difference was statistically significant. However, the VLBW sample size was rather small (n = 28).
Discussion
We hypothesized that preterm birth, throughout its whole range, is associated with decreased cardiac vagal control in young adults. The results revealed lower mean rMSSD, lower mean LFP, and to lesser extent lower mean HFP among young adults born preterm compared with those born at term, although the differences were not statistically significant in all comparisons. Although the CIs leave some uncertainty specifically as to the difference in cardiac vagal control, THE JOURNAL OF PEDIATRICS www.jpeds.com
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overall our results are consistent with altered autonomic regulatory control in adults born preterm, including those born late preterm. This association was attenuated after adjustment for BMI and physical activity, suggesting it was mediated at least in part by these factors. We also hypothesized that higher blood pressure in adults born preterm may be linked to altered autonomic control. Consistent with this, the associations between preterm birth and blood pressure were somewhat attenuated when adjusted for HRV measurements. Therefore, altered cardiac autonomic control may be one mechanism by which cardiovascular risk is increased in adults born preterm. However, our results retain an amount of uncertainty and thus the hypothesis needs to be tested again.
Mechanisms that link preterm birth with adult cardiovascular risk factors, such as high blood pressure, remain unclear. A previous study reported that differences in stressinduced blood pressure were stronger than those in resting blood pressure among preterm born men. 32 This finding provides support for altered autonomic regulatory control, including decreased cardiac vagal modulation, as underlying mechanisms linking preterm birth with adult cardiovascular risk factors. The findings of the present study are consistent with this idea. However, considerable proportion of variance in blood pressure variation remains unexplained by autonomic control measurements.
A number of previous studies provided evidence that altered sympathovagal balance or decreased vagal function were independent risk factors for all-cause mortality and a common underlying factor in all major risk factors for cardiovascular disease. [11] [12] [13] [14] Most previous studies on cardiac control in preterm born subjects focused on outcomes in infants and children. A study on 9-year-old children suggested an association between low birth weight and autonomic control irrespective of gestational age at birth. 20 Relatively little is known on the outcomes of preterm birth to cardiac control in later life. It is possible that the alterations in cardiac autonomic regulatory control become more pronounced with increasing age and declining cardiovascular health. Impaired parasympathetic functioning and premature decline has indeed been shown in young adults born with an extremely low birth weight. 19, 21 A study of low birth weight adults suggested that the autonomic nervous system response varied by sex. 33 In this study, there was no statistically significant sex interaction found in autonomic control.
The underlying biological mechanisms of the findings of the present study remain unclear. Altered autonomic control in infants born preterm has been previously reported. 18 Whereas the sympathetic branch of the autonomic nervous system appears to develop most rapidly in the first trimester, vagal (parasympathetic) control becomes more dominant later in fetal development at 25-30 weeks of gestation and increases substantially during the third trimester of pregnancy. 34, 35 Previous studies showed that total myelinated vagus fibers in infants increased linearly with postconceptional age, leading to fewer total myelinated vagus fibers in preterm born infants than full term infants or adolescents. 17 Therefore, these studies argue, interrupted gestation leads to lower cardiac vagal control. Our findings are consistent with this and suggest that altered autonomic regulatory control is present at least in young adult life.
Our study suggested that some differences in autonomic control may be greater among preterm born men than women (eg, LFP), although we found no statistically significant sex interactions overall. This is in contrast with association between preterm birth and adult office blood pressure that is stronger among women than men. 30 Moreover, when low birth weight is used as an early life indicator, as summarized by a recent review, 30 the associations with autonomic nervous system response to stress is stronger among women, whereas associations with hypothalamic-pituitaryadrenal axis and total peripheral resistance are stronger among men.
A previous study of the sympathetic nervous system response to psychosocial stress based on measurements of plasma adrenalin and noradrenalin concentrations among VLBW young adults found no evidence of higher responses in those born VLBW compared with controls. 36 The same study found that the rise in noradrenalin concentrations after stress was lower in VLBW born women than in controls. 36 Although we adjusted for a range of parental and prenatal confounders associated with preterm birth, these did not explain the associations between preterm birth and cardiac vagal control. This suggests that the associations we found are more likely to be associated with preterm birth per se rather than underlying causes of preterm birth. Previous studies from the same cohort showed that young adults born preterm had lower muscular fitness, lower perceived fitness, and higher body fat percentage than controls. 4, 31 Studies also reported that physical activity, body composition, and autonomic nervous system function were intrinsically associated. [37] [38] [39] A recent study suggested that lifelong physical activity was positively associated with vagally mediated autonomic function, independently of traditional risk markers. 40 We found that the differences in autonomic control measurements between the study groups were attenuated when adjusted for physical activity and BMI, suggesting that lower rates of physical activity and increased adiposity might partly mediate altered vagal control in preterm born adults.
We have previously discussed the limitations of the ESTER Preterm Birth Study. 4 For the present study, usable HR data could not be obtained from a number of participants. Second, the recording of the R-R intervals was done during a study nurse visit that included a few questions on current health. Previous studies suggest that talking could impact to respiratory frequency and thus impact HRV measurements by increasing LFP and decreasing HFP. [41] [42] [43] However, this would be expected to introduce bias only if the effects of talking on HRV would differ between the preterm and term groups. Such an outcome is unlikely, but cannot be excluded.
Third, in some participants, the available stationary HR data was shorter than 5 minutes. However, the inclusion of findings only from those participants with at least 5 minutes of data in the analysis had minor effect on the results. Fourth, the data quality of some R-R interval recordings was not sufficient for inclusion in the analysis. Therefore, the total sample size was limited, which might increase inaccuracy and lead to more conservative estimates.
We found that preterm born adults showed evidence of altered autonomic regulatory control compared with those born at term. This finding was also present for those born late preterm. The associations between preterm birth and higher blood pressure were somewhat attenuated when adjusted for HRV measurements, suggesting that altered autonomic regulatory control may contribute to the higher blood pressure. Consequently altered autonomic regulatory control may be one mechanism by which cardiovascular risk is increased in adults born preterm. Increased adiposity and reduced physical activity may partly mediate this association. From a clinical perspective, our results reinforce previous suggestions on the importance of health-enhancing physical activity and fitness among individuals born preterm. n The correlations have been calculated from log-transformed HRV measurements. 
